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Abstract 
This dissertation was written as part of the MSc in Strategic Product Design at the 
International Hellenic University. Nowadays, industry undergoes its fourth revolution, 
the integration of Internet of Things into the industrial environment (Mario Hermann, 
2016). One of the technologies that drives us to the above mentioned fourth industrial 
revolution is the Additive Manufacturing (AM). New technologies are blooming 
revolutionizing the AM palette. Thus, some serious questions rise concerning the basic 
form of additive manufacturing processes that gained popularity among simple, non-
engineer users. 
a) Can structural parts be made out of simple additive manufacturing processes? 
b) What mechanical properties does a 3d printed part has? 
c) How different are the parts produced by different 3d printing methods? 
This popularity led people to investigate these questions and publish their work, 
like (Tymrak, et al., 2014)and (Lanzotti, et al., 2015) on mechanical properties of 3d 
printed PLA specimens and (Dickson, et al., 2017). Specimens, made of different 
materials (PLA, Nylon, Carbon Fibers) were tested to determine Young’s modulus, 
tensile strength and SN curves with the typical material characterization procedures, in 
accordance with strength of materials theory, to extract valuable information on the 
materials’ properties. The thesis focuses a bit more on the newly introduced carbon 
enhanced nylon specimens that seem very promising on specification sheets. 
And finally, answer to these three questions by having property datasheets that can be 
used by designers. 
At this point I have to acknowledge my supervisor, Prof. D. Tzetzis, for his 
guidance and contribution for the completion of this thesis, the 3d printing laboratory 
of the IHU SPD program and E. Tzimtzimis, who built all the PLA, Nylon and Nylon-Carbon 
specimens, and from the Laboratory of Machine Elements and Machine Design, Aristotle 
University of Thessaloniki, Prof. G. Savaidis, for providing the fatigue testing facilities, 
prof. A. Michailidis for the polyamide SLS specimens and finally prof. C. Salpistis for his 
advice on the attachment of the strain gages on the specimens. 
 
 
 
 
Keywords: 
Additive Manufacturing, Carbon Fiber Filament, Mechanical Properties, Fatigue 
Properties, Tensile and Compressive Testing 
Efstratios Giannakis 
20th of February 2018 
 
 
  -i- 
Preface 
By taking part to the Strategic Product Design Master progam of the International 
Hellenic University a new field of interest (chalenging financially and artistically) was 
introduced to me. That is the field of product designing. One of the most useful tools 
used in this field the last decades is rapid prototyping which enables designers to 
materialize their products or designs and have instant feedback. 
 What if a designer could use a 3D printer to create products ready to use? Unique 
and complex parts can easily be produced time and cost effectively, but are these 
products strong enough to withstand daily use? This is a question intringuing enough to 
initiate this thesis. Other questions that rise are: 
Can such parts be used as structural components? 
Can these parts replace conventionally manufactured counterparts as a better option? 
Is it possible to make a complex structural part that is not possible to be manufactured 
by conventional manufacturing till now? 
 Additionally, a company named Markforged has introduced to the market new 
revolutionary additive manufacturing equipment which can build parts using carbon 
fibers, producing high performance parts. 
 To investigate these questions and the quality of the newly introduced 
Markforged equipment, specimens will be printed, made of a variety of materials and 
methods, and be tested statically to determine the material properties. Fatigue tests will 
also be performed to give us an idea of their capabilities as structural parts. 
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Introduction 
In this thesis two engineering topics will be discussed, Additive Manufacturing and 
printed Materials’ properties with emphasis given to the second one. The intention is to 
combine them and conclude to whether structural parts can be produced out of simple 
additive manufacturing processes like the FDM (Fused deposition modelling), CFF 
(Continuous Fiber Fabrication) and SLS (Selective Laser Sintering) method. 
 
Additive Manufacturing 
Additive manufacturing (AM) is the process that creates a thing by adding material 
instead of removing material like in most conventional manufacturing methods (Gibson, 
et al., 2015). Though additive manufacturing (AM) is dated back to 1980’s, technology 
advancements in CAD (Computer Aided Design) programs was the initiative to the huge 
growth of AM (Upcraft & Fletcher, 2003), as well as developments in software 
capabilities, sensors, electronics and mechatronics. AM was mainly introduced and 
pushed to be developed by the American Automotive industries in order to produce 
parts quickly without the need of tooling. Figure 1 shows the first commercial 3D printer 
that used the SLA (stereolithography) method in 1987. 
 
Figure 1: The 1st SLA machine (source: https://www.sculpteo.com/blog/wp-
content/uploads/2016/12/History-3DP-blog.jpg). 
It has to be stated that AM is also known as Rapid Prototyping (RP) or 3D printing. 
Nowadays the term RP is limited due to the fact that industrial 3D printers can produce 
products and not only prototypes. Which means that companies have started using 
them into their production lines, making the term AM more proper. 3D printing is a 
simple term used by enthusiasts that use and make 3D printers as a hobby. So, from 
here on, only the term AM will be used in this thesis. 
AM, is the materialization of parts without the use of conventional 
manufacturing processes. AM gives the capability to the designer to convert the 
designed part into a physical form in a matter of hours. The complexity of these parts is 
almost unlimited, unlocking the capability to build very sophisticated and optimized 
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parts. It is based on the deposition or binding of material layer by layer in the 
corresponding shape, hence, creating a 3D object out of consecutive 2D shapes. 
The creation of the parts, using AM, is performed in three stages. The first stage 
is the creation of a 3D model using a CAD software. Figure 2 shows a vase designed in 
the student version of Inventor 2017 (CAD Software from Autodesk) which includes 
information about how the file was created and its material. 
 
Figure 2: A vase CAD model (Inventor 2017). 
The second stage is to convert the CAD file into a more simple form. CAD files 
usually include a lot of information about the design that cannot be used by the 3D 
printers. STL (Standard Tessellation Language) CAD files do not include any other 
information except for triangular facets and orientations (Gibson, et al., 2015). The 
surface is meshed and consists of many small flat triangles that create the part surfaces. 
Figure 3 shows the converted to STL format CAD model of the vase in the slicing open 
source software CURA. Figure 4 shows in detail the STL triangles. The conversion takes 
place at the designing suite in this case the Inventor.  
 
Figure 3: The vase in STL format (Cura - Open source software). 
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Figure 4: Example of STL triangles of the vase (Cura - Open source software). 
The third stage is to create a file of instructions for the 3D printer (G-code CNC 
language). At this point, the STL file is imported to G-code software (Cura) that creates 
the movements and the actions of the 3D printer in the form of a G-code text. Firstly, 
the model is being sliced to layers and then the path of the head that deposits material 
(extruder) is inscribed to the code for each layer. This G-code file is then inserted to the 
3D printer and the manufacturing begins. Figure 5 shows the path of the extruder 
throughout the layers. 
 
Figure 5: The sliced vase model (Cura - Open source software). 
 And the final stage is to manufacture the vase using a 3d printer. There are many AM 
methodologies, few of them will be discussed later on, but they have one thing in 
common they add material in the right place and height and then the material is bonded 
with the rest structure 
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Material properties 
When designing a product the most crucial decision is the material choice. According to 
(Ashby, 2005) sometimes the material is the initiation for a new design, in the case of 
new materials and sustainability. Hence, our knowledge on the mateials we want to use, 
is critical when we make a design. The properties of the materials to be used are usually 
found in material books and guidelines. But that is the case for traditional materials 
manufactured in a traditional way. AM uses a variety of materials to produce a part with 
a non traditional manufacturing process. Unfortunately, this kind of information is 
missing for AM methodologies or is not available to the designers. 
 This non-tranditional manufacturing methods lead to non-conventional material 
behaviour. For instance, the parts that are build layer by layer present a more 
orthotropic behaviour, by being tougher in one direction and weaker in another one 
(usually the building direction), like composit materials. This pinpoints the importance 
of new databases creation and new guidelines to be available to the designers. 
 From the designer’s point of view, the basic information needed is the Young’s 
modulus, Yield strength and Ultimate Tensile strength. Other than that, fatigue strength, 
elongation and characterization of failure are equally important for a more sophisticated 
design for structural use. 
 
Figure 6: Typical strain stress diagram of a structural steel specimen’s tensile test. 
 Figure 6 shows the stress strain diagram that contains most of the material’s 
characteristics that can be utilized for designing a structural part. 
 In the framework of this Thesis the above mentioned Mechanical Properties of 
AM produced specimens will be investigated and compared. Specimens according to 
ASTM standards are manufactured and tested and the stress strain diagrams are 
calculated for each material. Comparison of the results will demonstrate the structural 
capabilities of each material and AM method. 
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Testing 
To calculate these properties testing must be performed and data acquisition systems 
must be used. Hence, two types of test rigs have to be used, a static axial tension-
compression test rig and a dynamic axial tension-compression test rig, as well as, the 
data acquisition systems from each test rig. 
Static tests 
The static tests can be performed in a simple axial test rig controlling the displacement 
while measuring the force, the displacement and in case we have added a strain gage or 
an extensometer or it is possible calculate the real dimensions at any time of the 
experiment, the stress-strain diagram can be calculated. 
Fatigue tests 
The fatigue tests have to be performed to a test rig that can dynamically change its load 
in cycles for a long time. These test rigs usually have hydraulic actuators that can load 
and unload the specimens with a given frequency. The result of fatigue testing is the 
number of cycles till failure. 
Data acquisition 
For the calculation of the properties, the live data of force, displacement and stress-
strain, during the experiment, have to be stored in a file using data acquisition 
equipment. This equipment converts the sensors’ signals into a signal that can be 
understood by a computer. 
 
Fatigue (Mechanical Fatigue) 
Structural parts are usually loaded dynamically, and sometimes they fail after a while. 
The phenomenon of failure of a part due to usage without reaching its static limit, is 
called Fatigue. There are many types of fatigue like Mechanical, Thermal and Chemical 
and the mechanism behind it is the weakening of a material structure, in which cracks 
grows under repeatedly applied loads (Callister, 2008) and (FKMGuideline, 2012). 
 In order to set the foundation of fatigue for this study, the fatigue units to be 
used, are presented and explained: 
 
 Max stress is:  𝝈𝒎𝒂𝒙 and the minimum is:  𝝈𝒎𝒊𝒏 
 The stress amplitude is:   𝝈𝒂 =
𝝈𝒎𝒂𝒙− 𝝈𝐦𝐢𝐧
𝟐
 
 The mean stress is:   𝝈𝒎 =
𝝈𝒎𝒂𝒙+ 𝝈𝐦𝐢𝐧
𝟐
 
 The stress range is:  𝜟𝝈 = 𝝈𝒎𝒂𝒙 −  𝝈𝐦𝐢𝐧 = 𝟐𝝈𝒂 
 Loading  stress ratio is:   𝐑 =
𝝈𝒎𝒊𝒏
𝝈𝒎𝒂𝒙
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 Only two of them are enough to characterize a fatigue, constant cyclic, loading 
case. Figure 7 shows the four cases of different R. 
 
Figure 7: Main categories of constant cyclic loading 
 
a) Symmetrical, fully reversible cyclic loading R=-1: 
𝝈𝒎𝒂𝒙 = − 𝝈𝐦𝐢𝐧 
 
b) Symmetrical, non-reversible cyclic loading R=0: 
𝝈𝒎 = − 𝝈𝜶 
 
c) Non-symmetrical, reversible cyclic loading -1<R<0: 
𝝈𝒎 ≠ 𝟎 
 
d) Non-symmetrical, non-reversible cyclic loading  𝐑 =
𝝈𝒎𝒊𝒏
𝝈𝒎𝒂𝒙
≥ 𝟎   : 
𝝈𝒎 ≠ 𝟎 
 
In this study, the specimens will be loaded in symmetrical, non-reversible cyclic loading 
R=0 (example b) in three different levels to calculate the S-N curve. The levels, are to be 
determined after the static experiments. 
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Additive Manufacturing Methodologies 
As it is mentioned in the introduction, there are many AM methodologies. The ones to 
be included in this work are the methodologies that the two laboratories are equiped. 
FDM (Fused deposition modelling), CFF (Continuous Fiber Fabrication) and SLS (Selective 
Laser Sintering). In order to present the basic structure of AM one of the most common 
methods, FDM, will be presented first. 
 Special attention given to the newly introduced and most promising CFF method 
which will not only be compared to the established SLS method but will also be fatigue 
tested in the most pure configuration. Materials tested are two types of Polyamide 
(Nylon), polylactic acid (PLA), and carbon fibres. 
FDM 
FDM (Fused deposition modelling) is one of the most simple and well known AM 
methods (Gibson, et al., 2015). The printer has an extruder that deposits molten 
material with a nozzle on a building plate layer by layer. Stepper motors are used to 
move the extruder and/or the table in the three axis. 
 
Figure 8: FDM function principles (source: https://3dprinting.com/what-is-3d-printing/) 
 Figure 8 shows the extruder, which is the device that warms the filament until it 
melts, and deposits it to the work part (represented with blue color). The building plate 
is the area that the model rests till it is finished. The melted material has to be deposited 
in a certain point in space, thus stepper motors, which are capable of doing precise 
movements, are used to move the machine’s parts and the filament. After the 
manufacturing is finished the part is removed from the building plate, separated from 
supports, if any, and is ready to be used. 
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 FDM printers are very popular among the 3d printing community and can be 
bought, at the moment this thesis is being written, for less than 120Euros in e-shops, 
making them very accessible to creative people. 
 A total of 7 specimens will be manufactured, using an exemplary material PLA, 
to be tested and be used as reference for the testing of the more sophisticated 
specimens. Figure 9 is the Laboratory’s FDM printer (sigma BCN3D) used to manufacture 
the PLA specimens. 
 
 
Figure 9: The FDM sigma BCN3D printer used for the PLA specimens. 
CFF 
From the beginning of AM many genius concepts were created and many patents of 
different AM methodologies were submitted. One of these ideas is to create a part using 
the FDM methodology, with the addition of laying layers of continuous fibers, like 
carbon or glass fibers, in-between of the matrix material. 
 Markforged, a company founded in February of 2013, introduced the CFF 
(Continuous Filament Fabrication) method, which can combine in a composite structure 
the matrix material with continuous fibers of much higher strength. The produced 
components are much stronger than standard 3d printed parts, enabling the production 
of structural components. As it is an AM method, the produced parts need less time to 
be produced, cost less and, most importantly, each part can be custom made. 
 The IHU Prototyping Laboratory, is equipped with the Markforged MARK TWO 
CFF printer (figure10) enabling us to manufacture series of specimens for testing to 
calculate the materials’ properties and compare them to the other 3d printing methods 
and materials. 
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Figure 10: The MARK TWO Markforged printer of the prototyping laboratory. 
 As mentioned above the MARK TWO 3D printer, figure 10, uses the FDM 
technology together with laying continuous fibers, for this reason it features a double 
extruder with two nozzles, one for the matrix, made of Nylon, and one for the 
continuous fibers (carbon, fiberglass, Kevlar or, HSHT Glass). In figure 11 and 12, the 
working parts (stepper motors, double extruder, building plate and other) can be seen. 
 
Figure 11: The working components of the MARK TWO CFF printer. 
 
Figure 12: Detailed view of the double extruder.  
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Figure 13: A saw manufactured with CFF AM (source: Markforged website). 
In figure… it can be seen an exemplary product made of CFF AM from a MARK TWO 
printer. It can also be seen that the continuous fibers are deposited in layers in a way 
(sandwich) to make the part as stiff as possible. 
SLS 
Selective Laser Sintering (SLS) method is one of the first AM methods that produce 
structural parts using a big variety of materials. According to (Kruth, et al., 2005), the 
parts are being built by consolidating powder layer by layer using a focused laser beam, 
as an energy source, figure 14. These method gives more freedom to the designers than 
the rest AM methods, as the powder works also as supporting material eliminating the 
support structures from the manufacturing, resulting to high quality and complexity 
structures. 
 
Figure 14: SLS Laser Beam Melting principle with machine scheme (root source: Fraunhofer 
IWU, source: https://www.simufact.com/simufact-additive.html) 
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SLS is a very complicated method that uses a) a laser beam that is guided by lenses and 
mirrors to melt the powder, b) the “bucket” which is the volume that the parts are printed 
c) the powder scraper that lays the powder in thin layers and d) a whole system that 
supports all these parts and protect at the same time the user. This high complexity 
equipment has to be used by specialised personnel who undergoes training and 
certification procedures. 
As stated above, SLS method manufactures structural parts playing leading role 
in the production lines of high technology products. Thus, two specimens, manufactured 
and provided by the Laboratory of Machine Elements and Machine Design of the 
Aristotle University of Thessaloniki, which is equipped with an EOS SLS printer, will be 
tested in tension test and be used as a benchmark for the CFF method. Figure 15 shows 
the SLS printer used the FORMIGA P110 and Figure 16 shows the place where 3d 
printing happens. 
 
Figure 15: SLS printer Formiga P110. 
 
Figure 16: Fabrication room. 
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Specimens 
To extract the above mentioned properties testing has to be performed to specialized 
specimens. These specimens will be custom built for each AM method. A total of eight 
different types of specimens will be tested. It has to be highlighted that the specimens 
are produced using AM methods, constraining us to use specimens for composite 
materials due to their orthotropic behaviour, except the Polyamide specimens which 
are produced with SLS AM. A total of three different categories of specimens were built, 
Comparison, Tensile and Compression specimens. 
Comparison Specimens 
Prior to deciding the geometry of the specimens, four tests were performed to 
determine whether the FDM method produces orthotropic parts. Therefore, extra PLA 
specimens were manufactured, Figure 17, along with the tension and compression ones, 
to test if the manufacturing is orthotropic. 
 These two PLA specimens, shown in figure 17, are built vertically, in order to test 
the adhesion of the layers in tension and compression with a layer thickness of 0.2 mm. 
The vertical building of the specimen allows only unidirectional structure in the central 
critical area, at 90 deg. Figure 18 shows how the specimen was placed on the printing 
bed. Since they are built vertically and the cross section area is small it was decided the 
specimens to be sorter even for the tensile comparison test, in order to have a successful 
manufacturing process. 
 
Figure 17: Comparison specimen. 
 
Figure 18: Vertical building on the printing bed. 
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The two tensile tests with the two different orientation of building proved that the 
specimen built horizontally withstood a much bigger force than the vertical one. The 
results are being presented in the results section of this thesis. 
The two compression tests could not provide any information. Detailed discussion about 
the compression experiments will follow in the result segment of the thesis. 
Tension Specimens 
For the tensile testing the types of specimens has to be chosen carefully. Nylon and 
Carbon are materials completely different. Nylon is a viscoelastic material which means 
that it dissipates energy in tension, presenting a non-elastic behaviour according to 
(Christensen, 1982). On the other hand carbon is an elastic material in fibre shape which 
when embedded to the nylon matrix develops stiffness in bending and compression, 
changing the specimen’s behaviour. 
 The chosen geometry for most of the tensile experiments is a modified specimen 
for Standard Test Method for Tensile Properties of Polymer Matrix Composite Materials 
according to ASTM D3039/D3039M − 14 (ASTM, 2016). Specimen notes in Appendix 
section. 
 The versatile AM, allowed us to create the tabs on the part to simplify the 
manufacturing procedure. 
PLA 
The PLA, polylactic acid, (Lanzotti, et al., 2015), specimens, shown in figure 19, are built 
on their side, figure 20, with a layer thickness of 0.125 mm. This allows only 
unidirectional structure in the central area of interest, at 0 deg, which, according to the 
comparison tests that follow, is the strongest configuration. 
The PLA specimens were built to make some comparison tests, prior to the other 
specimens. 
 
Figure 19: PLA specimens were built on their side. 
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Figure 20: PLA tension specimens (ASTM D3039/D3039M – 14). 
Nylon 
The Nylon (polyamide) specimens, shown in figures 21, are built on their side, exactly 
like the PLA ones, with a layer thickness of 0.125 mm. To allow only unidirectional 
structure in the central area of interest, at 0 deg. The exact nylon type is not specified by 
the Markforged Company. 
 
 
Figure 21: Nylon tension specimens (ASTM D3039/D3039M – 14). 
Nylon-Carbon 
The Nylon-Carbon specimens, shown in figure 22, are built horizontally, figure 23, with 
a layer thickness of 0.125 mm. The layers were adjusted to have the carbon fibres along 
the specimens, at 0 deg., avoiding any notch that could affect the specimen’s strength. 
The pattern used was the isotropic fibre pattern for best layup configuration for only 
tensile stresses. The concentric pattern is more suitable for parts loaded in bending and 
need strong outer surface, figure 24. An example of the layup sequence can be seen in 
figure 25. 
 
Figure 22: Nylon Carbon tension specimens (ASTM D3039/D3039M – 14). 
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Figure 23: The CFF specimens were built horizontally. 
 
Figure 24: The Markforged Pre-Processing software and the tensile specimen with the isotropic 
fiber pattern. 
 
Figure 25: Example of the layer setup. 
Polyamide (SLS) 
The polyamide (nylon) specimens (PA 2200 Performance 1.0 | PA12), were the only ones 
that followed the isotropic guidelines for specimens, as EOS company claims that the 
printed material behaviour of that exact powder is almost orthotropic (Tensile strength 
50 MPa and Tensile modulus 1700 MPa, source: https://eos.materialdatacenter.com). 
Hence, the specimens were built according to ASTM D638 – 14 (ASTM, 2016), Standard 
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Test Method for Tensile Properties of Plastics. Specimen notes in Appendix section. 
Figure 26 shows the polyamide specimens. The layer height was set to 0.1 mm. 
 
Figure 26: Polyamide SLS tension specimen (ASTM D638 – 14). 
 
Compression Specimens 
For the compression tests the chosen geometry is a modified specimen for Standard 
Test Method for Compressive Properties of Polymer Matrix Composite Materials with 
Unsupported Gage Section by Shear Loading according to ASTM D 3410/D 3410M – 03 
(ASTM, 2016). Specimen notes in Appendix section. 
 Like the tension specimens, their tabs are produced together with the specimen 
and the same building strategies are used for each material and method. 
PLA 
The PLA specimens, shown in figures 27, are built on their side, with a layer thickness of 
0.125 mm. This allows only unidirectional structure in the central area of interest, at 0 
deg, exactly like the tension specimens. 
The PLA specimens were built to make some comparison tests, prior to the other 
specimens. 
 
Figure 27: PLA compression specimen (ASTM D 3410/D 3410M – 03). 
Nylon 
The Nylon specimens, shown in figure 28, are built on their side, exactly like the PLA 
ones, with a layer thickness of 0.125 mm. To allow only unidirectional structure in the 
central area of interest, at 0 deg, exactly like the tension specimens. 
 
Figure 28: Nylon compression specimen (ASTM D 3410/D 3410M – 03). 
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Nylon-Carbon 
The Nylon-Carbon specimens, shown in figures 29, are built horizontally, with a layer 
thickness of 0.125 mm. The layers were adjusted to have the carbon fibers along the 
specimens, at 0 deg., avoiding any notch that could affect the specimen’s strength, 
exactly like the tension CFF specimens using the same software. 
 
Figure 29: Nylon-Carbon compression specimen (ASTM D 3410/D 3410M – 03). 
Stress-life specimens 
As Fatigue experiments can be very long and a full investigation for fatigue properties 
could last well over 6-12 months (depending the specimens),investigation for only one 
type of experiments is to be performed and a total number of up to 10 specimens are 
to be tested, depending the availability of the testing equipment and the duration of the 
tests. This series of experiments will provide us a basic S-N curve of the most strong and 
stiff AM configuration, the Markforged CFF. The loading ratio will be R=0, meaning that 
the specimens will only be loaded from 0 up to a pre-specified tensile stress. Thus, the 
specimens are of the same geometry as the ones for the tensile testing, made of Nylon 
and Nylon-Carbon 
 To monitor the loading sequence, strain gages are attached to the specimens, 
figure 30, and used as input to control the fatigue test rig. Due to the nature of the nylon, 
it is not possible to polish the surface with conventional means. Therefore, a grinder 
with high grinding velocity was used to introduce heat to the surface leaving a much 
more controllable roughness. To attach the strain gages a cyanocrylic glue, in gel form, 
was used to fill the extra roughness profile of the surface, figure 31. 
 
Figure 30: The fatigue specimens before attaching the strain gages with cyanocrylic glue. 
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Figure 31: attachment of the st4rain gage in the middle of the specimens. 
Summary of the specimens 
To sum up, table 1 includes the number of the specimens for each specimen type and 
manufacturing method and figure 32 shows most of the specimens manufactured to be 
tested. 
Table 1: The eight different types of specimens 
 Nylon (FDM) Nylon-Carbon (CFF) PLA (FDM) Polyamide (SLS) 
Tension specs 3 3 3 2 
Compression specs 4 2 2 - 
Comparison specs - - 2 - 
Fatigue - 10 - - 
 
 
Figure 32: Specimens manufactured to be tested for mechanical properties and fatigue. 
 The final dimensions of the specimens were pretty close to the designed 
dimensions as the printers used were calibrated and had repetitive results. The mean 
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values of the final dimensions are presented in table 2 and 3 for tensile and compression 
specimens respectively. 
Table 2: Dimensions of the tension specimens. 
Spec. l (mm) w (mm) t (mm) A (mm2) 
Tension nominal 100 10 1,5 15 
comparison PLA* 10 9,87 1,45 14,31 
T PLA 100 10,07 1,68 16,91 
T Nylon 100 10,07 1,68 16,1 
T Nylon-Carbon** 100 6,5 0,6 3,9 
T SLS polyamide*** 70 10,01 4,07 40,74 
*Sorter specimen due to vertical building 
**Only the Carbon cross section area, Great difference in E 
***Different testing Standard and Geometry 
Table 3: Dimensions of the compression specimens. 
Spec. l (mm) w (mm) t (mm) A (mm2) 
Compression nominal 10 10 1,5 15 
comparison PLA 10 9,87 1,45 14,31 
C PLA 10 10,05 1,68 16,88 
C Nylon 10 10,05 1,6 16,08 
C Nylon-Carbon* 10 6,5 0,6 3,9 
*Only the Carbon cross section area, Great difference in E 
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Testing 
Testing procedures are the most important parts of an experimental study. The 
experiments have to be designed and pre-specified to the tiniest detail to get the most 
trustworthy results. Mistakes can lead to wrong conclusions and life-threatening failures 
if the results are applied to structural parts. The tests are presented here along with a 
small presentation of the equipment used.  
 All the tests have been done in a steady environment with a constant room 
temperature of 20-23 °C. Indices that are used to characterize the properties of the 
specimens are in table 4. 
Table 4: Indices. 
σmax UTS Ultimate tensile strength 
σy Yield tensile strength 
σbreak Maximum elastic deformation (εmax,el+ εmax,pl=εtotal) 
σnom UTS for nominal Cross section area (Nylon-Carbon specimens) 
εmax, el Maximum plastic deformation (measured after breakage) 
εmax, pl Young’s modulus 
Emax Maximum Young’s modulus 
Fmax Maximum force 
A Cross section area 
Anom Nominal Cross section (Nylon-Carbon specimens) 
Tensile tests 
Tensile tests were performed according to Standard Test Method for Tensile Properties 
of Polymer Matrix Composite Materials according to ASTM D3039/D3039M − 14 (ASTM, 
2016). The test rig used for these tests is the Testometric M500-50 AT (figure 33a) with 
a load cell of 50kN and a clamping device shown in figure 33b. As stated to the ASTM 
the head speed is 2mm/min and displacement and force is recorded to the test rig’s data 
acquisition and control unit (figure. 34). 
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Figure 33: a) Testometric M500-50 AT (source: Testometric), b) Clamping device and load cell 
of the Testometric M500-50 AT. 
 
Figure 34: The test rig’s data acquisition computer. 
 At this point it has to be highlighted that in order to make more accurate 
calculations a calibration test was performed using a steel (st37) tension specimen (ISO 
6892-1:2009) (figure 35) with known geometry and material properties (E=210.000 
MPa) to find the deformation of the clamping mechanism versus the axial loading. 
 
Figure 35: Steel (st37) tension specimen, E=210.000 MPa (ISO 6892-1:2009) provided by the 
Prototyping Laboratory 
 The specimens were prepared with labels before testing, to help analyse the 
material properties after the testing. The preparation included the precise measuring of 
the specimens using a digital Vernier calliper with a measurement accuracy of five 
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hundredth of the millimetre. The specimens after the measurements and the labels 
were named accordingly and finally tested. Figure 36, shows the specimens after the 
measurements and before testing. 
 
Figure 36: The specimens before testing. 
After each experiment the data was saved and the specimens were examined to identify 
the initiation of the break, to determine if it is acceptable, and measured to see the 
effect of the plastic deformation on the area and length. 
Compression tests 
Compressive tests were performed according to  Standard Test Method for Compressive 
Properties of Polymer Matrix Composite Materials with Unsupported Gage Section by 
Shear Loading according to ASTM D 3410/D 3410M – 03 (ASTM, 2016). 
 According to the ASTM, the specimens have a similar geometry to the specimens 
for the tension experiments with the major difference in the effective length. Whereas, 
tensile specimens have an effective length of 100 mm the compression specimens have 
an effective length of 10 mm. The head speed for the compressive tests was set to 
1.5mm/min as specified by ASTM. 
 A clamping device for compression tests has to be utilized to hold the specimens, 
thus, another test rig was used. The test rig used for the compression tests is a universal 
uniaxial test rig with hydraulic actuator located in the laboratory of Machine Elements 
and Machine Design of the Aristotle University of Thessaloniki, figure 37. 
 -24- 
 
Figure 37: The universal test rig used for compression and fatigue testing. 
 The clamping device consists of two pads that are pushed to each other using 
two or four bolts depending the specimen. The pads are mounted on top of two bending 
steel plates that are stiff enough to not affect the corresponding experiments’ 
displacement calibration. Figure 38 shows the clamping devices.   
 
Figure 38: the clamping device. 
 Aside the clamping devices the test rig is composed of the rig, where the actual 
testing takes place, a pc working as the data acquisition system, figure 39 (interface), 
the control unit, figure 40, of the hydraulics and the actuator with the load cell (400kN) 
and the oil pumps that provide the oil to the actuator. 
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Figure 39: Data acquisition pc interface (in house developed software in Labview environment, 
up to 32 channels) 
 
Figure 40: The control unit, Schenck S59. 
 The specimens for the compression tests are all shown in Figure 41, PLA, Nylon 
and Carbon-Nylon.  
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Figure 41: The three pairs of specimens. 
Fatigue tests 
Fatigue testing took place, again in the grounds of the Aristotle University of Thessaloniki 
at the laboratory of Machine Elements and Machine Design, as the same test rig was 
used. A total of only 5 specimens were tested in different stress levels with an R=0. 
 Most of the specimens were prepared by attaching a strain gage, figure 42, as 
the fatigue tests have to be strain controlled. Then, the specimens are clamped to the 
test rig and after a quick check of the specimen’s stiffness and stresses in different 
loadings (lower than the actual test) the control unit drive the actuator to move up and 
down controlling the forces. The forces are set by the user in order to reach the wanted 
stress amplitude and mean stresses. 
 
Figure 42: CFF fatigue specimens. 
 The frequency of the tests is set to a maximum 2Hz, in order to not raise the 
specimen’s temperature, which proved to be insufficient as the experiments lasted for 
more than two weeks in total. The time needed is the most crucial aspect of fatigue 
testing as time is very precious and the machines have to work constantly 24 hours a 
day with a lot of supervision to not lose any time after each fracture. 
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Figure 43: The interface used to setup the experiment. 
 Figure 43 shows all the data gathered from the control unit along with 
statistical evaluation and filters to the pc. The data is then used to set the control 
parameters. The most important information taken from this figure is the minimum 
and maximum forces along with the respective displacement values. The force and 
displacement values are shown real time (in the form of a sinus equation). 
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Results 
For the evaluation of the results and the calculations needed to find the material 
properties, each specimen was carefully examined, measured and tested using a 
specimen protocol, in electronic form. These protocols have all the data needed to 
process the results, as well as, the calculations and graphs. 
Tensile tests 
Two tests for each configuration are performed without strain gages. For this reason a 
calibration specimen, with known properties is tested. This specimen, figure 44, is made 
of steel, with a known Young’s modulus of 210 GPa, and maximum force at the elastic 
region that is well over the printed specimens respective forces. 
 
Figure 44: Steel tension specimen (ISO 6892-1:2009) provided by the Prototyping Laboratory. 
The result of this first test is the Stress Strain relationship shown in figure 45. 
 
Figure 45: Stress - Strain diagram steel specimen. 
At this point it has to be mentioned that steel does not always have an E=210 GPa, as 
steel of low quality can have an E as low as 190 GPa. For this reason a sensitivity analysis 
was done revealing a deviation of -1.3% in the final results in case the steel specimen 
has lower mechanical properties. This difference is very small, thus, the calculations are 
carried out with the usual Young’s modulus Esteel=210 GPa. The results of this procedure 
is a force clamp displacement slope, figure 46. 
 -30- 
 
Figure 46: Force-clamp Displacement diagram. 
The fitting equation, equation 1, of this diagram is to be used with a mapping procedure 
to the rest experiments by excluding the clamping deformation from the total 
displacement leaving only the specimen’s deformation. 
 
𝑆 = 0.000162756𝐹 − 0.0026                                Equation 1 
 
 Figure 47 shows the specimen after the test. 
 
Figure 47: The broken steel specimen. 
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PLA 
Two PLA tensile tests were performed and measured, both of which valid. Though they 
were the comparison specimens, they were also analysed to find its mechanical 
properties. 
 Beginning with the comparison specimens it proved that the specimens had an 
orthotropic behaviour, as the specimen which was built vertically had an UTS of 14 Mpa 
comparing to the ones which were built horizontally with an UTS of around 42.3 Mpa. 
Figure 48, shows the Stress Strain diagram of the comparison specimen. 
 
 
Figure 48: Stress-Strain diagram of the PLA comparison specimen. 
 Figures49 and 50 are the resulted Stress strain diagrams for the PLA tests, after 
the processing of the data. Figure 51, shows the two diagrams together for comparison 
on the same axis and figure 52 shows the broken specimens. 
 
Figure 49: Stress - Strain diagram PLA 1 specimen. 
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Figure 50: Stress - Strain diagram PLA 2 specimen. 
 
Figure 51: Stress - Strain diagram PLA 1 and 2 specimens. 
 
Figure 52: The PLA broken specimens. 
 The PLA specimens had a plastic deformation behaviour. Both of the 
experiments have similar values of ultimate tensile strength and Young’s modulus to the 
properties range given in literature for PLA, (Lanzotti, et al., 2015): 
1. Young’s modulus from 2020 MPa to 3550 MPa 
2. Tensile yield strength from 15.5 MPa to 72 MPa 
3. Tensile break strength from 14 MPa to 70 MPa 
 The resulted mechanical properties for tension are included in table 5. 
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Table 5: Results, Mechanical properties and characteristics of the specimens. 
 PLA comp. PLA 1 PLA 2 Average Literature Unit 
σmax 14 42,3 42,4 42,35 48-110 MPa 
σy - 36,4 36 36,2 15,5-73 MPa 
σbreak 14 36,4 36 36,2 14-70 MPa 
εmax,el 0.0049 0,0162 0,015 0,0156 - mm/mm 
εmax,pl - 0,0119 0,0174 0,01465 0,005-0,92 mm/mm 
E 2860 2609 2829 2719 2020-3550 MPa 
Emax 3060 2776 2961 2868,5 - MPa 
Fmax 200 724,2 708,1 716,15 - N 
A 14.31 17,12 16,68 16,9 - mm2 
 Though most of the mechanical properties are in agree with literature, σmax is a 
bit lower, without taking into account the comparison test. This can be explained by the 
fact that the PLA spool used for the specimens, was not stored in a dry place but it was 
exposed to a room environment with humidity, lowering its mechanical properties. 
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Nylon 
Three Nylon tensile tests were performed and measured. As nylon can be elongated up 
to 439% according to (Dickson, et al., 2017) and the first test was not set properly, wrong 
displacement limits, a total of three experiments were performed with one invalid 
experiment. 
 Figures 53 and 54 are the resulted Stress strain diagrams for the Nylon tests, 
after the processing of the data. Figure 55, shows the two diagrams together for 
comparison on the same axis and figure 56 shows the broken specimens. 
 
Figure 53: Stress - Strain diagram Nylon 2 specimen. 
 
Figure 54: Stress - Strain diagram Nylon 2 specimen. 
 
Figure 55: Stress - Strain diagram Nylon 1 and 2 specimens. 
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Figure 56: The Nylon broken specimens. 
 The Nylon specimens had a plastic deformation behaviour with high energy 
absorption rate, area created under the Stress–Strain line. Both of the experiments have 
almost similar values of ultimate tensile strength and Young’s modulus between them. 
But they do not follow the properties given in literature for Nylon from (Dickson, et al., 
2017) who used the same CFF AM: 
1. Young’s modulus 530 MPa 
2. Tensile strength 61 MPa 
 Due to high deformation the specimens broke exactly at the place where the 
central lines of material meet in clamping area due to manufacturing process, figure 57, 
where the light blue lines represent the edges of the material deposition. The analysis 
was performed despite the fact that the break happened outside the testing limits, as 
information on Young’s modulus and really useful conclusions can be drawn.  
 
Figure 57: Representation of the break initiation. 
 The lower values in tensile strength are explained by the fact that the specimens 
failed near the clamping area due to the notch created by the AM process explained 
earlier The resulted mechanical properties for tension are included in table 6. 
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Table 6: Results, Mechanical properties and characteristics of the specimens.  
 
Nylon 1 Nylon 2 Average Literature* Unit 
σmax 45,3* 50,5* 47,9 61 MPa 
σy 9,3 12,4 10,85 - MPa 
σbreak 45,3* 50,5* 47,9 - MPa 
εmax,el 0,136* 0,148* 0,142 - mm/mm 
εmax,pl 2,204* 2,587* 2,3955 4,39 mm/mm 
E 332 342 337 530 MPa 
Emax 420 413 416,5 - MPa 
Fmax 727* 816* 771,5 - N 
A 16,064 16,13 16,097 - mm2 
 
 In the case of Nylon specimens the speed of the head (strain rate) plays a very 
crucial role in the process of the experiment, as the material behaves like a gum. This 
high value of elongation made the experiment to last for more than two and a half hours 
each, as the rate of deformation was not dynamic and was given at the beginning of the 
experiment. 
 
 In the ASTM standard used, the specification given for the actuator movement is given 
in deformation rate 2 %/min that when calculated for the present specimens equals to 
2mm/min. 
 
 Other than that, Nylon’s behaviour was very interesting from the aspect of the 
real stresses, when calculating the real cross section area where the specimen broke the 
real stresses reached 102 and 153 MPa respectively for the first and second experiment. 
Meaning that Nylon is a very good material for uses with high elongation like impacts. 
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Nylon-Carbon 
The Nylon-Carbon specimens had very interesting results, as the two materials combine 
well up to the break point, despite the fact that they are completely different. Two 
tensile tests were performed and measured in total, and both were valid. 
 Figures 58 and 59 are the resulted Stress strain diagrams for the CFF carbon 
specimens’ tests, after the processing of the data. Figure 60, shows the two diagrams 
together for comparison on the same axis and figure 61 shows the broken specimens. 
 
Figure 58: Stress - Strain diagram Nylon Carbon CFF 1 specimen. 
 
Figure 59: Stress - Strain diagram Nylon Carbon CFF 2 specimen. 
 
Figure 60: Stress - Strain diagram Nylon Carbon CFF 1 and 2 specimens. 
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Figure 61: The Nylon Carbon CFF broken specimens. 
 The Nylon Carbon specimens had an elastic deformation behaviour due to the 
carbon fibers. Both experiments have similar values to each other of ultimate tensile 
strength and Young’s modulus, but only the Young’s modulus is similar to the properties 
given in literature for Nylon-Carbon (Dickson, et al., 2017): 
1. Young’s modulus 54000 MPa 
2. Tensile break strength 700 MPa 
 The resulted mechanical properties for tension are included in table 7. 
Table 7: Results, Mechanical properties and characteristics of the specimens. 
 Carbon 1 Carbon 2 Average Literature* Unit 
σmax 929,2 917,0513 923,1256 700 MPa 
σy - - - - MPa 
σbreak 929,2 917,0513 923,1256 700 MPa 
σnom 226,5 223,5 225 - MPa 
εmax,el 0,0177 0,0175 0,0176 0,012 mm/mm 
εmax,pl 0,031 0,0306 0,0308 0,015 mm/mm 
E 52460,25 53249,93 52855,09 54000 MPa 
Emax 54767,43 55055,61 54911,52 - MPa 
Fmax 3623,9 3576,5 3600,2 - N 
A 3,9 3,9 3,9 - mm2 
Anom 16 16 16 - mm2 
 
 *The specimens used by (Dickson, et al., 2017) had a conventional geometry for 
isotropic materials and not one for composite materials that created notches at the 
edges near the clamping area. 
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Polyamide (SLS) 
Two valid polyamide specimens were tested. These tests are the benchmark for the AM 
mechanical properties in this thesis, as SLS was one of the first AM methods to be used 
to create structural plastic parts.  
 Figures 62 and 63 are the resulted Stress strain diagrams for the Polyamide tests, 
after the processing of the data. Figure 64, shows the two diagrams together for 
comparison on the same axis and figure 65 shows the broken specimens. 
 
Figure 62: Stress – Strain diagram Polyamide SLS EOS 1 specimen. 
 
Figure 63: Stress – Strain diagram Polyamide SLS EOS 2 specimen. 
 
Figure 64: Stress – Strain diagram Polyamide-SLS EOS 1 and 2 specimens. 
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Figure 65: The Polyamide-SLS broken specimens. 
 The Polyamide (PA 2200 Performance 1.0 | PA12) specimens had a plastic 
deformation behaviour similar to PLA. The specimens’ Young’s modulus is similar to the 
properties given in the material’s specifications given by EOS company (source: 
https://eos.materialdatacenter.com), but the tensile strength is lower: 
1. Young’s modulus 1700 MPa 
2. Tensile break strength 50 MPa 
 The resulted mechanical properties for tension are included in table 8. 
Table 8: Results, Mechanical properties and characteristics of the specimens. 
 EOS 1 EOS 2 Average Literature Unit 
σmax 43,6 43,5 43,55 50 MPa 
σy 34 32,3 33,15 - MPa 
σbreak 40,4 35,8 38,1 - MPa 
εmax,el 0,0252 0,0247 0,02495 - mm/mm 
εmax,pl 0,1946 0,177 0,1858 0,2 mm/mm 
E 1733 1742 1737,5 1700 MPa 
Emax 2023 2059,5 2041,25 - MPa 
Fmax 1795,8 1734 1764,9 - N 
A 41,18 40,28 40,73 - mm2 
 
 From the Stress-Strain diagram it can be understood why the Polyamide SLS AM 
can be used for structural properties. While having a descent Young’s modulus as a 
plastic material it can be elongated with steady behaviour (almost constant maximum 
force at actuator) allowing the design of components that can be overloaded swiftly 
without failing and retaining its properties. 
 While Young’s modulus is similar to the specifications the tensile strength is 
lower. This cannot be easily explained as many factors may have affected the specimens 
despite the steady laboratory environment. Further investigation is needed on the 
manufacturing process and environment, like melting temperature and the powder 
quality, as it is common to mix new with old (used) powder in certain percentages. This 
percentage could ultimately affect slightly the Mechanical properties, and so, it has to 
be examined meticulously before an experienced designer can make a lightweight 
component.  
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Compression tests 
Though the experiments were performed very carefully, the test rig used had a slight 
miss-alignment that led to buckling in all specimens, giving untrustworthy results, 
despite that, the results will be presented as they are (without signal filtering) with some 
comments on compression tests. 
 Figures 66, 67, 68 and 69 are the resulted Stress strain diagrams for the three 
respective types of specimens. 
 
Figure 66: Stress – Strain diagram PLA comparison compression. 
 
Figure 67: Stress – Strain diagram PLA compression. 
 
Figure 68: Stress – Strain diagram Nylon compression. 
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Figure 69: Stress – Strain diagram Nylon-Carbon compression. 
From the above Stress-Strain diagrams two pieces of information can arise, Young’s 
modulus and the critical stress and forces, table 9, of the combination of clamping 
devices miss-alignment and specimens moment of inertia. 
Table 9: Compression testing results. 
 PLA c PLA comp. Nylon c Nylon-Carbon c Unit 
E 1264 1103 286 2635 MPa 
σcrit. -63 -43 -8 -37 MPa 
Fcrit. -1079 -623 -193 -151 N 
 To conclude on the compression tests, the testing devices could not give any 
useful data on the mechanical properties other than that the comparison PLA specimen 
is indeed weaker than the horizontal one and that the Nylon-Carbon specimen, though 
it had the same geometry as the PLA ones, had a much lower critical Force. 
 Therefore: 
Caution on the CFF specimens. The specimens used were designed according to the 
respective ASTM standards for compression tests for composites (ASTM D 3410/D 
3410M – 03) (ASTM, 2016). After the breakage of the CFF specimen it was observed that 
the rigid regions of the specimens, which are the carbon fibres, occupy a very small area 
of the specimen’s cross section, in the middle of the specimen. The rest area is a nylon 
shell with essentially no rigidity allowing buckling. It has to be further investigated 
whether the present CFF design is appropriate or not for testing compression. Thus, it is 
not advisable to use this design of CFF for compression tests without further research. 
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Fatigue tests 
The results of fatigue testing are usually shown as Stress-Life (S-N) curves also known as 
Wöhler curves. Figure 70 shows a typical S-N curve in a double logarithmic diagram. The 
calculations following are based on (FKMGuideline, 2012), (Callister, 2008), (Campbell, 
2012) and (Giannakis & Savaidis, 2016) 
 
 
Figure 70: Example of an S-N curve (source: https://www.giessereilexikon.com/en/foundry-
lexicon/Encyclopedia/show/woehler-curve-3556/) 
 There are three areas on this type of diagrams, a) the low cycle fatigue that stress 
amplitude is almost as high as the materials tensile strength, b) the normal fatigue area, 
that designers use to give dimensions to the lightweight and more sophisticated designs 
like airplane components and finally, c) the High cycle fatigue area, used for components 
that are meant to last for more than one lifetime, this area is beneath the fatigue 
strength limit. 
 This type of curves are calculated after extensive experimentation of specimens 
and statistical analysis of the results. The testing stress levels are set strategically having 
in mind the total duration of the experiment series. In the framework of this thesis four 
levels were tested. The highest level was at 89% of the UTS, the second 84%, the third 
81% and the fourth 78% respectively. 
 In table 10 the 5 valid specimens tested in fatigue are shown with the respective 
stress amplitude for R=0. It has to be highlighted that each specimen was tested 
controlling the stress values from the strain gages. An example of the breakage of one 
of the valid experiments is shown in figure 71 (Specimen No.6). 
 
Figure 71: Specimen No.6 after fatigue testing 
 All the valid specimens failed near the clamping area inside the testing area with 
no signs of delamination in the breakage area, showing good adhesion between Nylon 
and Carbon. Further investigation should be carried out to find the mechanism behind 
the failure and whether Nylon participates to the strength of the composite material. 
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Table 10: Specimens and results table. 
R=0 No. N σa (MPa) 
1 7 401 821 
2 6 468 821 
3 5 238041 744 
4 9 292722 718 
5 8 58683 769 
 An example of load sequence during testing can be seen in figure 72, where the 
diagram of Stress versus Time reveals the values needed for the fatigue calculations: 
σmin = 11MPa 
σmax = 718MPa 
 
Figure 72: Load sequence of specimen 8 during fatigue testing. 
 With these results we calculate the Stress-Life curve (a trend line) on a double 
logarithmic diagram and to create this basic curve we need either two points or a point 
and a slope on the diagram. In the present case the point with the slope is to be used as 
statistical analysis has to be performed despite the really small number of experiments. 
 Firstly, the experiments are put on the diagram, figure 73, and the slope and the 
point are calculated. Since fatigue can be better described exponentially, calculations 
are based on both logarithmic and normal numbers. Therefore, we convert the above 
stated table of results into logarithms, table 11. 
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Figure 73: The five results on a double logarithmic diagram. 
Table 11: Results transformation to logarithms. 
 
No. N σa Log(N) y Log(σa) x 
1 7 401 821 2,603144 2,914343 
2 6 468 821 2,670246 2,914343 
3 5 238041 744 5,376652 2,871573 
4 9 292722 718 5,466455 2,856124 
5 8 58683 769 4,768512 2,885926 
 Secondly, we find the mid-point as an average of the logarithms 
σmean = 774MPa 
Nmean = 15032 
 And calculate the slope of the trend line (linear regression) using excel SLOPE 
command that uses the equation 2 (excel help): 
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k=53.5 
 
 This slope is almost flat comparing to the steel’s k, ranging usually from 4 to 8, a 
behaviour that according to (Campbell, 2012) the carbon fibres have as they are 
relatively fatigue insensitive. 
 Now the stress life curve can be drawn, figure 74. 
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Figure 74: the experiments S-N curve, probability of survival 50% (Ps=50%). 
 From figure 74 it has to be highlighted that: 
a. The total number of specimens tested is very small. 
b. The maximum stress values above 700 MPa are very high values that allow the designers 
design really lightweight structures that if he designs with a N=10,000,000 cycles to 
failure the maximum stress level allowed (fatigue limit), for R=0, is 685 MPa for Ps=50%. 
(for Ps=97.7% and N=10,000,000 the fatigue limit is 663.7 MPa) 
c. The specimens have a big scatter around the regression line (Scatter Band TN=8.75) 
d. Attention should be payed as the small number of specimens in correlation with the big 
gap between the 7 and 6 specimens (821 MPa) with the rest specimens could hide 
valuable information on the S-N curve. 
e. The fatigue life of these experiments was around 400 cycles meaning that they are inside 
the low cycle fatigue area that the curve usually makes a turn, like in figure 70 at the 
beginning of the chapter. Fact that can explain the high value of the slope k=53.5. 
 
 As a consequence of the two last highlights (d. and e. comment), if the two 
specimens with the highest stress level are excluded then a new S-N curve can be 
calculated, figure 75. 
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Figure 75: The new S-N curve. 
 From the new S-N curve, despite the really small number of experiments, it can 
be extracted that: 
a. The new slope is not that flat but still flatter than steel’s. 
b. This is a safer S-N curve for designers than the previous one, as the fatigue limit at 
N=10,000,000 is lower, 622 MPa for Ps=50%. (for Ps=97.7% and N=10,000,000 the 
fatigue limit is 603 MPa) 
c. The specimens have a lower scatter around the regression line (Scatter Band TN=8.75) 
d. Seeing how the results changed when the two specimens were removed from the 
calculations highlights the need for more specimens in each level, as well as, in a wider 
range of stress levels for better understanding of the fatigue behavior of these 
specimens. 
 
 From the fatigue tests performed for this thesis and the analysis that followed, 
the information that can be utilised by a designer are the 5 experiment results, the need 
for extensive testing and the general information that the CFF AM is capable of 
producing structural parts that can outperform parts manufactured with conventional 
materials and manufacturing methods. 
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Conclusions 
In this thesis, the capabilities of three additive manufacturing methods in producing 
structural parts were explored and the respective material properties were, as there is 
huge potential to producing prototypes or high complexity parts with AM methods that 
can be used as structural components and not only demos bringing the designers closer 
to production. 
 For this reason a typical testing procedure was followed to find the printed 
materials’ properties. Having available three types of AM methods and four different 
materials and research on the standardised testing guidelines from (ASTM, 2016) the 
geometry and layout of the specimens was decided. The chosen specimens were 
designed and after researching the building properties of each AM method, the CAD files 
were inserted to the corresponding software for each method and printer and the 
parameters were set up to give us the optimum results. 
 More than 35 specimens were produced and a total of 22 specimens (both valid 
and invalid tests) of all types were tested and destroyed to get the present results and 
conclusions: 
1. Components can be produced with AM methods by experienced designers. 
2. AM produced parts have an orthotropic behavior that has to be included (with 
respective calculations) in the design process. 
3. PLA behaves like plastic materials, with orthotropic behavior, but is vulnerable 
to humidity which limits its potential. 
4. Nylon (Polyamide) was tested in two different forms, the Markforged and the PA 
12 (EOS) with completely different properties. The first one is orthotropic and 
weak but can be extremely elongated and the second one has structural material 
properties that are almost isotropic. 
5. CFF can produce sophisticated and lightweight parts with really high material 
properties as it can fully exploit the enhanced carbon fibers’ rigidity and strength 
even in fatigue conditions. As this method produces composites, their behavior 
is orthotropic. 
6. Basic properties are found for each pair of material and method to be used by 
designers for their calculations 
 
 Testing is the most crucial procedure in determining these properties and the 
testing facilities have to be accurate and well calibrated. And though much attention 
was given to the equipment, compression tests were not able to be carried out due to a 
slight misalignment of the clamping devices. Another crucial aspect was the time needed 
to execute the tests, which by far exceeded our estimations, not allowing further fatigue 
testing. 
 To conclude, this work is only a starting point in investigating the full material 
properties, testing geometries and testing procedures. Some further investigation 
should be on compression properties with different clamping devices or specimen 
geometry, on the rest properties used for designing, on flexural properties, in-plane and 
interlaminal shear stress and finally fatigue testing not only in symmetrical, non-
reversible cyclic loading R=0 but in a wider range of R’s to investigate its influence for 
even more sophisticated designing. 
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 Aτ the beginning of this thesis three questions were made and are answered to 
conclude this work: 
a) Yes, structural parts can be produced by simple AM methods. 
b) Mechanical properties are presented at the results sections, and 
c) Due to the nature of AM and the variety of methods the manufactured parts can 
have completely different properties. Depending on the method different and 
specialized parts can be produced, i.e. CFF can produce structural parts loaded 
in tension and bending while SLS is an all-rounder method that can produce parts 
with almost isotropic behavour. 
 
 Other than that, invaluable knowledge was gathered from the this work, 
organising the manufacturing, testing and analysis procedures, researching bibliography 
and corresponding standards and solving issues that came up every now and then. 
Making this a great project and a starting point for further research. 
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Appendix 
 
The chosen geometry for most of the tensile experiments is a modified specimen for 
Standard Test Method for Tensile Properties of Polymer Matrix Composite Materials 
according to ASTM D3039/D3039M − 14 (ASTM, 2016). 
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The chosen geometry for the tensile experiments made of polyamide using the SLS AM 
method is ASTM D638 – 14 (ASTM, 2016), Standard Test Method for Tensile Properties of 
Plastics. 
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The chosen geometry for the compression experiments is a modified specimen for 
Standard Test Method for Compressive Properties of Polymer Matrix Composite 
Materials with Unsupported Gage Section by Shear Loading according to ASTM D 3410/D 
3410M – 03 (ASTM, 2016).  
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Section 2 of the Standard Test Method for Compressive Properties of Polymer Matrix 
Composite Materials with Unsupported Gage Section by Shear Loading according to ASTM 
D 3410/D 3410M – 03 (ASTM, 2016) needed to set the dimensions of the specimens. 
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Technical drawing of the tensile specimens according to ASTM D3039/D3039M − 14. 
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Technical drawing of the tensile specimens according to ASTM D 3410/D 3410M – 03 
 
